INTRODUCTION
============

Chronic kidney disease (CKD) is a group of heterogeneous disorders characterized by kidney damage and impaired renal function and is defined by an elevated urinary albumin excretion (UAE), a decreased glomerular filtration rate (GFR), or a combination of both ([@bib1]--[@bib3]). The most important risk factors for CKD are diabetes and hypertension. However, it has been observed that CKD can also occur in the absence of these risk factors ([@bib4],[@bib5]). This suggests that other mechanisms may be involved in the development of CKD.

A potential causal mechanism involves imbalance of the autonomic nervous system, in which parasympathetic function is decreased relative to sympathetic function. Hypothetically, autonomic imbalance causes renal damage through changes in renal hemodynamics. In animal studies, stimulation of renal sympathetic afferents affected renal hemodynamics, whereas renal (sympathetic) denervation in these animals attenuated progression of kidney failure ([@bib6]--[@bib8]). In humans, a noninvasive way of assessing autonomic function is by calculating heart rate variability (HRV), a measure of autonomic control over heart rate. It is the variation in duration between normal-to-normal (NN) RR intervals ([@bib9]--[@bib12]). Moderate-to-high HRV indicates healthy autonomic function, whereas low HRV reflects poor autonomic function and has been associated with cardiovascular risk factors and adverse cardiovascular outcomes ([@bib10],[@bib11],[@bib13]--[@bib16]). The relation between HRV and CKD has been explored in several small-scale studies. Participants with CKD were found to have lower HRV compared with those without CKD. In addition, low HRV was associated with adverse outcomes during follow-up (i.e., progression to end-stage renal disease and mortality) in CKD patients, although results are inconsistent between studies ([@bib17]--[@bib23]). The mechanisms underlying this association are still under investigation, but it is commonly believed that autonomic imbalance is a complication of renal damage ([@bib24]).

However, in the Atherosclerosis Risk in Communities (ARIC) cohort, a 20% to 108% higher incidence of CKD-related hospitalization and/or end-stage renal disease (ESRD) was observed in those with low HRV (first quartile) compared with those with normal-to-high HRV (upper three quartiles combined), even in participants with normal kidney function at baseline ([@bib25]). This suggests that autonomic imbalance may also play a role in the pathophysiology of CKD. To our knowledge, this finding has not yet been verified in other population-based longitudinal studies. If autonomic imbalance is identified as a mechanism of renal damage, this may lead to improved risk prediction and novel therapeutic options.

In this study, our primary aim was therefore to investigate the association between HRV and new-onset CKD in a sample of the general population. Furthermore, we assessed whether low HRV was associated with baseline levels of eGFR and UAE and change in these parameters during follow-up.

METHODS
=======

Study Sample and Design
-----------------------

We used data from the Prevention of REnal and Vascular ENdstage Disease (PREVEND) cohort study. Details of this study have been described elsewhere ([@bib26]). In brief, 8592 individuals, sampled from the general population of Groningen, the Netherlands, completed an extensive examination between 1997 and 1998. The second, third, fourth, and fifth examination were completed in 2003, 2006, 2008, and 2012, respectively. For the present study, we refer to the second examination as "baseline," because this was the first examination that included additional beat-to-beat blood pressure recordings that were used for calculation of HRV parameters. This examination was attended by 6894 participants, of which 2289 had missing HRV measures (because of either technical failure (*n* = 397) or poor quality signal or excessive amount of artifacts in the recording \[*n* = 1892\]), leaving 4605 participants for the present analyses. All participants gave written informed consent. The PREVEND Study was approved by the medical ethics committee of the University Medical Center Groningen and conducted in accordance with the Helsinki Declaration guidelines.

Measurement
-----------

### HRV Measures

Details of the HRV measurement procedure in the PREVEND study have been described previously ([@bib27]). In brief, participants were measured in a supine position, in a quiet room kept at a constant temperature of 22°C. Participants were not allowed to talk or move during the procedure. Beat-to-beat heart rate was assessed by noninvasive 15-minute pulse wave measurement using a Portapres device (FMS Finapres Medical systems BV, Amsterdam, the Netherlands) ([@bib28]) at baseline. From these 15-minute measurements, we selected the last 4 to 5 minutes of stationary time series of pulse wave data. Using CARSPAN v2.0 software ([@bib29]), these time series were visually preprocessed to exclude cardiac arrhythmias, artefacts, electrical "noise," or aberrant beats. NN RR intervals from the beat-to-beat pulse wave signals were detected with an accuracy of 5 ms (sampling frequency of 200 Hz). Artifacts were removed and the resulting gaps interpolated as described previously ([@bib30]). After preprocessing, HRV measures were calculated using the same CARSPAN software. HRV measures included standard deviation of NN RR intervals (SDNN) and root mean square of successive differences between NN RR intervals (rMSSD). To quantify cyclic changes in heart rate, we calculated high-frequency (HF) and low-frequency (LF) power (area under the power spectral density curve) by Fourier spectral analysis, and the ratio between LF/HF. LF power was defined as the total area between 0.04 and 0.15 Hz, and HF power was defined as the total area between 0.15 and 0.40 Hz ([@bib9]--[@bib12]). HRV was categorized into low (lowest quartile, Q1) and moderate-to-high (upper three quartiles combined, Q2--Q4) to allow direct comparison with the work of Brotman et al ([@bib25]).

### Renal Outcomes

Details of the assessment of eGFR and UAE have been described elsewhere ([@bib31]). In brief, participants collected two consecutive 24-hour urine specimens at each screening round. The collected urine was stored cold (4°C) for a maximum of 4 days before handing it in. After this, urine specimens were stored at −20°C. Furthermore, fasting blood samples were obtained and stored at −80°C.

Measurement of serum creatinine was performed by an enzymatic method on a Roche Modular analyzer using reagents and calibrators from Roche (Roche Diagnostics, Mannheim, Germany), with intra- and interassay coefficients of variation of 0.9% and 2.9%, respectively. Serum cystatin C concentration was measured by a Gentian cystatin C Immunoassay (Gentian AS Moss, Norway) on a Modular analyzer (Roche Diagnostics). Cystatin C was calibrated directly using the standard supplied by the manufacturer (traceable to the International Federation of Clinical Chemistry Working Group for Standardization of Serum Cystatin C) ([@bib32]). The intra- and interassay coefficients of variation were less than 4.1% and less than 3.3%, respectively. Urinary albumin concentration (UAC) was measured by nephelometry with a lower threshold of detection of 2.3 mg/l and intra- and interassay coefficient of variation of 2.2% and 2.6%, respectively (Dade Behring Diagnostic, Marburg, Germany). UAC was multiplied by urine volume to obtain a value of UAE in milligram per 24 hours. The two 24-hour UAE values of each subject per examination were averaged. eGFR was calculated according to the 2012 CKD-EPI creatinine-cystatin C equation.([@bib33]) CKD was defined as an eGFR \< 60 ml/min/1.73 m^2^, a UAE of 30 mg/24 hours or greater, or both, according to the 2011 revised Kidney Disease: Improving Global Outcomes guidelines ([@bib2]).

### Covariates

Known cardiovascular risk factors were included as covariates and assessed at baseline. Body mass index (weight/height^2^) and waist-hip circumference ratio were calculated from anthropometrics. Mean interbeat interval was calculated from time series of beat-to-beat heart rate data. Smoking status was defined as self-reported never, former, or current smoker (subdivided in \<6 cigarettes, 6--20 cigarettes, and \>20 cigarettes daily). History of cardiovascular disease (CVD) was assessed using questionnaires and was defined as a history of any cardio- or cerebrovascular events. Hypertension was defined as SBP of 140 mm Hg or greater, DBP of 90 mm Hg or greater, or self-reported or pharmacy-reported prescribed use of blood pressure-lowering drugs, including ACE inhibitors, angiotensin II receptor antagonists, β-blocking agents, and diuretics (ATC codes 2, 3, 7, 8, 9). Diabetes was defined as either a fasting glucose level of greater than 7 mmol/l or self-reported or pharmacy-reported prescribed use of antidiabetic drugs. Hypercholesterolemia was defined as a total cholesterol of 6.21 mmol/l or greater or self-reported use or pharmacy reported prescribed use of lipid-lowering drugs.

Statistical Analysis
--------------------

Statistical analyses were performed using SPSS Version 22.0 (IBM Corporation). Two-sided significance level was set at α level of 0.05.

### Baseline Characteristics

Baseline characteristics were compared between HRV categories using Student\'s *t* tests, Mann-Whitney *U* tests, and χ^2^ tests where appropriate.

### Association of HRV With CKD Incidence

For this analysis, participants with CKD (*n* = 939) or unknown CKD status at baseline (*n* = 269) were excluded. Participants were censored at death, loss to follow-up, withdrawal, or end of study. We used midpoint imputation to approximate time to event ([@bib34]). Mantel-Cox log-rank tests were performed to test for equality in hazard rates between low HRV and moderate-to-high HRV. In Cox regression models, we adjusted for potential confounders by introducing blocks of covariates. Block 1 included age; block 2 additionally included sex, body mass index, waist-hip circumference ratio, mean interbeat interval, smoking, baseline eGFR, and baseline UAE; block 3 additionally included a history of CVD, diabetes, hypertension, and hypercholesterolemia. All covariates were retained in the model; no criteria for covariate exclusion were applied.

### Association of HRV With Baseline Levels and Change in eGFR and UAE

To examine the association of baseline HRV with eGFR and UAE over time, we conducted multivariable linear mixed-effects analyses in the entire sample (*N* = 4605). eGFR and the natural logarithm of UAE were modeled as a function of time. Based on model-fit criteria and likelihood ratio tests, we specified a base model with unstructured covariance structure, random intercept, and random slope for time.

HRV category (Q1 versus Q2--Q4) was added to the model to assess its association with baseline eGFR and UAE. A two-way interaction between HRV and time was introduced to assess the association of HRV with change in eGFR (ml/min/1.73 m^2^ per year) and UAE (mg/24 hours per year). In multivariable models, we adjusted for incremental blocks of covariates as described previously.

### Sensitivity Analyses

By design, participants with a moderately elevated UAC (\>10 mg/l) are overrepresented in the PREVEND study. To address this imbalance, we performed sensitivity analyses using statistical weights that were based on the selection probability. In addition, we performed 40 imputations using the fully conditional specification method ([@bib35],[@bib36]), by which we imputed missing HRV and covariate data. Additional analyses included definitions of new-onset CKD based on either impaired eGFR only (CKD~eGFR~: eGFR \< 60 ml/min/1.73 m^2^) or elevated UAE only (CKD~UAE~: UAE ≥ 30 mg/24 hours). Furthermore, we applied a stricter definition of the high-risk group by assigning to it participants that were in Q1 of each of the three main HRV parameters, SDNN, rMSSD, and HF ("Composite low HRV", see Figure S1, Supplemental Digital Content 1, <http://links.lww.com/PSYMED/A436>). Finally, we conducted analyses on continuous measures of HRV. For these analyses, all HRV parameters were transformed by their natural logarithm, which improved linearity of the associations.

RESULTS
=======

Baseline Characteristics
------------------------

Baseline characteristics of the 4605 participants are presented in Table [1](#T1){ref-type="table"}, stratified according to low versus moderate-to-high HRV (Q1 versus Q2--Q4), for SDNN, rMSSD, and HF (for LF, LF/HF ratio, see Table S1a, Supplemental Digital Content 1, <http://links.lww.com/PSYMED/A436>). The medians (interquartile range \[IQR\]) of the different HRV parameters are listed in Table [2](#T2){ref-type="table"}. In univariable analyses, participants in Q1 of SDNN had lower eGFR, had higher UAE at baseline, and were more likely to have CKD at baseline. Those with baseline CKD had mildly diminished eGFR (M \[SD\] = 81 \[22\]; eGFR \< 60 in 20%) and elevated UAE (M \[IQR\] = 43 \[24--89\]; UAE ≥ 30 in 70%) (see Table S2, Supplemental Digital Content 1, <http://links.lww.com/PSYMED/A436>). In Q1 of SDNN, we observed a less favorable cardiovascular risk profile compared with Q2--Q4, that is, higher prevalence of diabetes, hypertension, hypercholesterolemia, current smoking, and history of CVD. Similar results were found for other HRV measures.

###### 

Baseline Characteristics by Heart Rate Variability Categories (Q1 Versus Q2--Q4) for the Entire Sample

![](psm-80-307-g001)

###### 

Distribution of HRV Parameters
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In univariable comparisons between the 4605 included participants and the 2289 excluded participants of whom no valid HRV measurements were available, no relevant differences were observed in covariates or outcomes (data not shown).

Association of HRV With CKD Incidence
-------------------------------------

We excluded those with CKD or unknown CKD status at baseline, leaving 3397 participants. Baseline characteristics for these 3397 participants are presented in Table S1b-c, Supplemental Digital Content 1, <http://links.lww.com/PSYMED/A436>. Of these participants, 341 developed CKD during a median (IQR) of 7.4 (7.0--7.8) years of follow-up. At the earliest moment of identification, those with new-onset CKD had mildly diminished eGFR (M \[IQR\] = 79 \[59--94\]; eGFR \< 60 in 20%) and elevated UAE (M \[IQR\] = 35 \[17--48\], UAE ≥ 30 in 72%) (see Table S2, Supplemental Digital Content 1, <http://links.lww.com/PSYMED/A436>). Event rates of CKD per HRV category are shown in Table [3](#T3){ref-type="table"}. Incidence rate of CKD was significantly higher in those with low HRV (SDNN Q1 versus Q2--Q4: 29.1 versus 16.7 participants per 1000 person-years, Mantel-Cox log-rank test χ^2^ = 23.9, *df* = 1, *p* \< .001, similar for other HRV measures). The results of Cox regression analyses are shown in Table [4](#T4){ref-type="table"} (results for LF, LF/HF ratio in Table S4a, Supplemental Digital Content 1, <http://links.lww.com/PSYMED/A436>). Low HRV was associated with CKD incidence (SDNN Q1 versus Q2--Q4: unadjusted hazard ratio \[HR\] = 1.66, 95% CI = 1.30 to 2.12, similar for other HRV measures). After adjusting for confounders, this association was no longer significant (SDNN Q1 versus Q2--Q4: fully adjusted HR = 1.13, 95% CI = 0.86 to 1.48, similar for rMSSD, HF, and LF). Only for LF/HF ratio, a significant association was found, which remained after multivariable adjustment (LF/HF ratio Q1 versus Q2--Q4: fully adjusted HR = 1.32, 95% CI = 1.01 to 1.71, *p* \< .043). Alternative definitions of new-onset CKD (incidence of either impaired eGFR or of elevated UAE) yielded similar results (Table [4](#T4){ref-type="table"}).

###### 

Chronic Kidney Disease Incidence Rates by Heart Rate Variability Categories (Q1 Versus Q2--Q4)
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###### 

Association of Heart Rate Variability Measures (Q1 Versus Q2--Q4) With Incident Chronic Kidney Disease
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Sensitivity analyses in imputed data sets (in which we imputed missing values of HRV and covariates) and analyses with sampling weights (to account for sampling imbalance) did not substantially change results for SDNN, rMSSD, HF, and LF (see Tables S4b-d, Supplemental Digital Content 1, <http://links.lww.com/PSYMED/A436>). However, the multivariable-adjusted HR for LF/HF ratio was no longer significant in these analyses (LF/HF ratio Q1 versus Q2--Q4: fully adjusted HR = 1.19, 95% CI = 0.79 to 1.79, in imputed data sets, similar for weighted analysis). Furthermore, a more stringent definition of the high-risk group ("Composite low HRV," participants in Q1 of each of the main HRV parameters, SDNN, rMSSD, and HF, see Table 4a, Supplemental Digital Content 1, <http://links.lww.com/PSYMED/A436>) yielded similar results.

Association of HRV With Baseline Levels and Change in eGFR and UAE
------------------------------------------------------------------

In Table [5](#T5){ref-type="table"}, the results of linear mixed-effects analyses are shown for all 4605 participants (for LF and LF/HF ratio) (see Table S5a, Supplemental Digital Content 1, <http://links.lww.com/PSYMED/A436>). Those with low HRV had significantly lower baseline levels of eGFR in the total sample (SDNN Q1 versus Q2--Q4, unadjusted β~level\ difference~ = −9.36 ml/min/1.73 m^2^, 95% CI = −10.6 to −8.08, *p* \< .001, similar for other HRV measures). However, after multivariable adjustment, the association of low HRV with baseline eGFR was no longer significant (SDNN Q1 versus Q2--Q4, fully adjusted β~level\ difference~ = −0.59 ml/min/1.73 m^2^, 95% CI = −1.66 to 0.48, *p* = .28, similar for other HRV measures). During follow-up, there was no significant difference in rate of decline of eGFR between HRV categories (SDNN Q1 versus Q2--Q4, fully adjusted β~slope\ difference~ = −0.077 ml/min/1.73 m^2^ per year, 95% CI = −0.18 to 0.029, *p* = .16, similar for other HRV measures). Similarly, we found no significant association of HRV measures with UAE levels or increase (see Table S6a-b, Supplemental Digital Content 1, <http://links.lww.com/PSYMED/A436>).

###### 

Differences Between Low (Q1) and Moderate-to-High HRV (Q2--Q4) Measures for Baseline Levels and Rate of Decline of eGFR

![](psm-80-307-g005)

Next, we tested for a modifying effect of baseline CKD status on both level and slope by introducing their interaction terms (CKD by HRV by time; CKD by HRV; and CKD by time, in addition to their main effects) to the model. Addition of the interaction term resulted in a significant increase in log likelihood (χ^2^ = 64.5, Δ*df* = 3, *p*~interaction~ \< .001 for SDNN, similar for other HRV measures), suggesting a modifying effect of baseline CKD status on the association between HRV and eGFR. Therefore, we stratified for baseline CKD status. For participants with CKD at baseline, low SDNN was associated with lower baseline eGFR. This cross-sectional association between SDNN and baseline eGFR remained after multivariable adjustment (SDNN Q1 versus Q2--Q4, fully adjusted β~level\ difference~ = −3.73 ml/min/1.73 m^2^, 95% CI = −6.70 to −0.75, *p* = .014). Other HRV measures did not show an association with lower baseline eGFR in this subgroup. There were no significant associations between low HRV measures and rate of renal function decline during follow-up (SDNN Q1 versus Q2--Q4, fully adjusted β~slope\ difference~ = 0.086 ml/min/1.73 m^2^ per year, 95% CI = −0.21 to 0.38, *p* = .57, similar for other HRV measures). In Figure [1](#F1){ref-type="fig"}, we show crude and adjusted estimates of baseline eGFR level (panel A) and annual eGFR change (panel B), by SDNN category and strata according to baseline CKD status.

![Estimates of baseline eGFR and annual eGFR change, according to SDNN categories and CKD status. Estimates of baseline eGFR (in milliliter per minute per 1.73 m^2^) and annual eGFR change (milliliter per minute per 1.73 m^2^ per year) by SDNN category (Q1 versus Q2--Q4 combined) and CKD status. Adjusted estimates were corrected for age, sex, and cardiovascular risk factors. Because of centering of covariates, estimates may differ slightly from Table [5](#T5){ref-type="table"}.](psm-80-307-g006){#F1}

Sensitivity analyses in imputed data sets (see Tables S5b-c, S6c-d, Supplemental Digital Content 1, <http://links.lww.com/PSYMED/A436>) yielded similar results. Application of a stricter definition of low HRV confirmed the significant result for SDNN (see Tables S5a, S5c, Supplemental Digital Content 1, <http://links.lww.com/PSYMED/A436>). Correlations (crude and age-adjusted) of HRV measures with kidney function outcomes reflected the results of our main analyses: (1) higher HRV correlated with higher baseline eGFR, but no longer after adjustment for age and (2) HRV showed no relevant correlations with eGFR slope (Table [6](#T6){ref-type="table"}). Results of Cox regression of continuous HRV measures supported our conclusions for the main outcome, CKD incidence. However, the association of continuous HRV with baseline levels of eGFR in CKD patients was not significant in these sensitivity analyses (see Table S7-8, Supplemental Digital Content 1, <http://links.lww.com/PSYMED/A436>).

###### 

Correlations Between HRV Parameters and Kidney Function Outcomes
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DISCUSSION
==========

In this population-based, longitudinal cohort study, we examined the relation between HRV and renal outcomes. We observed an association between low HRV and higher incidence of CKD, which did not remain significant after adjustment for known CKD risk factors such as age, diabetes mellitus, and hypertension. The association between HRV and CKD risk could for a substantial part be explained by older age of those with lower HRV. An analysis of renal function over time in the total sample revealed no evidence for steeper decline in eGFR or increase in UAE in those with low HRV. In a subgroup of participants with CKD at baseline, for SDNN and a stricter definition of low HRV, we found a significant association with lower levels of baseline eGFR, which remained after adjustment for confounders, but no association with change in eGFR. For the other HRV measures (rMSSD, HF, LF, and LF/HF ratio), we did not find significant associations with either baseline levels of eGFR or decline in eGFR during follow-up in this subgroup. These results suggest that low HRV does not contribute to CKD or to renal function decline. However, we observed that low HRV was associated with lower renal function in those that already have CKD. This implies another relation, that is, CKD resulting in (or at least coinciding with) reduced HRV.

To our knowledge, the only comparable population-based study of HRV and its association with renal outcomes to date was conducted by Brotman et al ([@bib25]). In a sample of 13,241 adults of the ARIC cohort, they observed that low HRV preceded CKD-related hospitalization and ESRD. In our study, we could not corroborate these findings. Several differences may explain the inconsistent results. First, the end points and available measurements used are different: our endpoint was new-onset CKD (based on repeated measurements of serum creatinine, serum cystatin C, and UAE at each subsequent examination), whereas in ARIC, the end points were CKD hospitalization and ESRD. The end points used in ARIC imply more advanced renal disease and are therefore a less suitable measure of de novo, likely mild, disease. Furthermore, because of the lack of baseline albumin measurements in their study, Brotman et al. ([@bib25]) could not exclude reverse causality, that is, renal damage leading to low HRV. Second, there is a marked difference in study sample. The ARIC sample consisted of approximately 25% blacks, which accounted for approximately 50% of incident cases. This may have limited the comparability of their results to the PREVEND study, which consisted of only 0.6% blacks. A recent meta-analysis established that blacks, compared with whites, have on average higher resting values of HRV ([@bib37]). This is counterintuitive, because black race has been associated with a higher cardiovascular risk profile ([@bib38]) and risk of ESRD ([@bib39]). The ethnic differences suggest as yet unknown race-specific disease mechanisms, and stratified analyses may be warranted. Unfortunately, Brotman et al. ([@bib25]) did not explicitly adjust for race or report race-stratified analyses. Therefore, it is unclear whether their findings also pertain to whites separately within ARIC.

Hypertension, diabetes, and cardiovascular disorders are possibly related to HRV in a bidirectional manner ([@bib13],[@bib40]). Therefore, the inclusion of these covariates in the statistical models may have led to underestimation of the effect of HRV. However, this is unlikely to have affected conclusions with regard to our main outcome, as inclusion of age almost completely explained the association between low HRV and incident CKD.

In CKD patients, we found low SDNN and a stricter definition of low HRV, to be independently associated with lower baseline levels of eGFR, but not with steeper decline in eGFR in this subgroup. To our knowledge, the largest prospective study of HRV and disease outcomes in participants with CKD was performed by Drawz et al ([@bib21]). In 3245 renal patients in the Chronic Renal Insufficiency Cohort, HRV (calculated from 10-second ECGs) was not independently associated with either ESRD or 50% decline in eGFR. Although we could not assess incidence of ESRD because of low numbers in our cohort, our finding that low HRV was not associated with steeper eGFR decline is consistent with these results. In contrast, Chandra et al. ([@bib20]) did find a significant association of 24-hour LF/HF ratio with incident ESRD in CKD patients. However, this study was relatively small (*n* = 305) and was a prognostic study on incidence of ESRD, rather than an etiological one; thus, it did not formally correct for potential confounders ([@bib41]).

In our sample of the general population, reduced HRV did not precede CKD. In contrast, we did observe an association of low SDNN and of a stricter definition of low HRV, with low eGFR in participants that already had CKD, implying that reduced HRV is preceded by CKD. If there is any causal relationship between the two, it is more likely to be in a reversed direction (i.e., CKD causing reduced HRV). Salman ([@bib24]) recently reviewed several proposed mechanisms through which CKD could lead to increased sympathetic tone and/or decreased parasympathetic tone. Among others, these include the following: impaired reflex control of autonomic activity, activation of the renin-angiotensin-aldosterone system, activation of renal afferents, and mental stress in CKD ([@bib24]). Of noted interest is the potential role of social and psychological factors in the relation between CKD and HRV, for example, mental stressors are proposed to contribute to the CKD risk factors, hypertension, and diabetes, through alterations in autonomic nervous system activity and the neuroendocrine system ([@bib42]). However, the pathophysiology underlying this relation is incompletely understood. Future work may include further characterization of these proposed mechanisms, in studies with repeated measures of autonomic and renal function as well as psychological and behavioral measures in race-stratified high-risk populations.

Major strengths of this study include the availability of serially measured creatinine and cystatin C--based eGFR and 24-hour UAE values, which are considered to be the best parameters to define CKD, during considerable duration of follow-up. We examined multiple measures of HRV, calculated from time series of highly standardized beat-to-beat recordings. To our knowledge, this is only the second study in the general population to examine the association of HRV with incidence of CKD and the first to assess its effect on change in eGFR and UAE. This study is therefore an important contribution to the literature.

There were several limitations. First, HRV was calculated from time series of pulse wave recordings. In individuals at rest, pulse rate variability is considered an accurate estimate of HRV ([@bib43]). However, because of the lack of ECG data, we could not definitively exclude cardiac arrhythmias. Second, because follow-up HRV measurements were not available, we were unable to examine the association of HRV changes over time with renal disease or vice versa. Third, HRV was missing in approximately 33% of participants. In an effort to minimize any bias introduced by the missingness, we conducted sensitivity analyses in multiple imputed data sets, the results of which did not change our conclusions. Although the missingness is likely random and nonproblematic (e.g., due to technical failure, subject movement leading to artefacts in the recording), we cannot definitively rule out that in some participants, missing or invalid recordings may have been caused by nonrandom, unobserved mechanisms (e.g., cardiac arrhythmias). Fourth, estimates of GFR are less accurate in the higher range (\>60 ml/min/1.73 m^2^). We therefore used the CKD-EPI equation for both creatinine and cystatin C, currently the best option for population-based studies ([@bib33]). Fifth, we lacked specific information on β-blocking agents. This class of antihypertensive medication potentially affects both HRV and kidney function and may therefore have caused unobserved confounding. However, we estimate β-blocker user baseline prevalence to be low in this relatively healthy sample of the general population and do not expect our conclusions to be substantially affected.

These results challenge the notion that reduced HRV represents a causal factor in CKD. Rather, they suggest that reduced HRV may be a complication of CKD.
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